INTRODUCTION
Eukaryotic genes are packaged into arrays of nucleosomes, which are flanked by nucleosome-free promoter (NFR) and terminator regions (Jiang and Pugh, 2009; Rando and Chang, 2009) . In yeast, the first (+1) nucleosome of an array engages the transcription machinery (Rhee and Pugh, 2012) and thus is potentially subjected to extensive regulation. One major regulatory event includes the replacement of histone H2A with its variant H2A.Z, which destabilizes +1 nucleosomes so as to accelerate gene activation (Guillemette et al., 2005; Jin and Felsenfeld, 2007; Li et al., 2005; Meneghini et al., 2003; Zhang et al., 2005) .
H2A.Z is incorporated into chromatin by SWR-C/SWR1 and is removed by INO80 (Mizuguchi et al., 2004; PapamichosChronakis et al., 2011) . The Swr1 and Ino80 subunits of the respective complexes are related through their ''split'' ATPase domains and are more distantly related to the ATPase subunits of the SWI/SNF, ISW, and CHD families of chromatin remodelers. A number of subunits are shared between SWR-C and INO80. For example, Rvb1 and Rvb2 are paralogs that constitute a heteromeric dodecamer helicase in both complexes in vitro . It has been found, however, that Rvb1 and Rvb2 regulate distinct sets of genes (Jó nsson et al., 2001) and, in addition to their presence in SWR-C and INO80, can form homomeric hexamer helicases (Grigoletto et al., 2011; Huber et al., 2008; Huen et al., 2010; Jha and Dutta, 2009 ). These observations and the fact that many of the subunits associated with SWR-C and INO80 are energetically charged with ATP and are thus potentially dynamic raise the possibility that their in vivo organization is considerably more complex than indicated by the biochemistry.
H2A.Z resides at nearly all $5,000 +1 nucleosomes out of a pool of $60,000 total nucleosomes genome wide in yeast cells (Albert et al., 2007; Raisner et al., 2005) . How this selectivity is achieved through SWR-C and INO80 is not known. Although SWR-C and INO80 have been biochemically purified and characterized (Jin et al., 2005; Kobor et al., 2004; Krogan et al., 2003; Mizuguchi et al., 2004; Shen et al., 2000) , their constituency and organization on chromatin in vivo is not known. Hence, the challenge is to understand, in their natural physiological context, how SWR-C and INO80 are organized in terms of both their structure and their position around each +1 nucleosome and to determine the mechanism by which these complexes achieve selectivity for +1 nucleosomes.
Here, we use ultrahigh-resolution mapping of protein-genome interactions by ChIP-exo to identify the nucleosomes targeted by 20 SWR-C and INO80 components in vivo, and we define their structural/positional organization around these nucleosomes. The patterns of protein-genome contacts, occupancy correlations, impact of subunit deletions, and measurements of histone exchange suggest an in vivo mechanism by which a subcomplex within SWR-C and INO80 localizes to the NFR and dictates which nucleosomes are targeted for histone turnover via the dynamic cycling of H2A.Z.
RESULTS

Subnucleosomal Genome-wide Organization of the SWR-C Complex
We first applied ChIP-exo to SWR-C subunits (Table S1 available online). The genome-wide distribution of crosslinking points (peak-pair midpoints) was plotted around consensus +1 nucleosomes ( Figures 1A and 1B) . Reflecting the +1-selective role that SWR-C plays in H2A.Z deposition, six of the nine tested subunits were concentrated in and around the +1 nucleosome, with little or no detection around nucleosome positions that were internal to genes. Placement at +1 was detected at >90% of all genes ( Figure 1B ). Patterns for a particular subunit were similar across different genes, reflecting a single predominant mode of binding for each subunit. To better relate sites of SWR-C crosslinking to the positioning of the DNA within nucleosomes, peak-pair midpoints were plotted in a Circos format (Krzywinski et al., 2009) ( Figure 1C and summarized in Table S1 ), wherein nucleosomal gyres are represented by circles and tag density (subunit occupancy) is represented by tracks of color gradients. Subunits took up preferred positions in and around +1 nucleosomes and were asymmetrically organized with respect to the dyad and DNA gyres.
Although SWR-C complex formation does not require Swc2, it cannot bind to chromatin without this component (MorilloHuesca et al., 2010; Wu et al., 2009) . It is notable, therefore, that Swc2 was the only detectable SWR-C subunit to crosslink in the NFR ( Figure 1A ), thereby implicating Swc2/NFR interactions in targeting SWR-C to this region (addressed further below). Consistent with this, Swc2, Swr1, and H2A.Z were depleted at 5 0 NFRs that fell below $70 bp in length ( Figure S1A ), which is the optimal NFR length that is required for remodeling by the related INO80 complex (Dang et al., 2006; Udugama et al., 2011) . They were also depleted at 3 0 NFRs, which are typically <70 bp in length ( Figure S1B ). Interestingly, Reb1, which is known to organize nucleosome arrays (Badis et al., 2008; Hartley and Madhani, 2009) , typically resides $70 bp upstream of the edge of +1 nucleosomes. Its occupancy level correlated with Swc2 occupancy ( Figure S1C ) and thus may be involved directly or indirectly with promoting SWR-C recruitment. Because genes that lacked Reb1 still had proper SWR-C recruitment ( Figure S1D ), other recruitment mechanisms are also likely to be in play.
Two additional peaks of Swc2 crosslinking were observed within the +1 nucleosome core, flanking the dyad by 40 bp, which suggests that Swc2 may make selective and dyad-symmetric nucleosomal contacts (Figure 1A, right) . This observation may be relevant when considering how the dyad-asymmetric contacts of Swc2 in the NFR lead to symmetric deposition of H2A.Z. The Swc2 crosslinks are not likely to be indirect through other SWR-C subunits, as the Swc2 ChIP-exo pattern was unlike any of the other subunits. Any indirect crosslinking would necessarily mirror the pattern of the protein that is directly crosslinking to DNA, as appears to be the case for Rvb2 and Arp4 ( Figure 1A) . Thus, the contact of Swc2 within the NFR, adjacent to Reb1, and with the +1 nucleosome is consistent with it selectively positioning SWR-C on the +1 nucleosome (directly addressed in Figure 3, below) . Swr1, which contains the ATPase domain that deposits H2A.Z, was found only over the NFR-proximal half of +1 nucleosomes, exactly where NFR-proximal H2A.Z is deposited. There, it crosslinked to both sides of NFR-proximal H2A.Z, spanning an $20 bp region that is 70 bp from the dyad (see Figure 1A , right). The structure of the Sulfolobus Rad54 ATPase domain, which is homologous to the SWR-C and Isw2 ATPase domains (Ebbert et al., 1999) , has been determined in complex with DNA (Dü rr et al., 2005) . We compared the two Swr1 crosslinking points to the model of the Sulfolobus ATPase/DNA structure overlaid on the H2A.Z nucleosome structure (Suto et al., 2000) ( Figure 1D ). The overlap between the structural model and the crosslinking data places the Swr1 ATPase domain very close to the site of NFR-proximal H2A.Z insertion. Surprisingly, Swr1 did not crosslink over the NFR-distal half of the +1 nucleosome, where H2A.Z is also deposited ( Figure 1A , left). Thus, Swr1 has a distinct spatial relationship between the NFR-proximal and NFR-distal H2A.Z, and this constraint may be imposed by Swc2 binding in the NFR (addressed below).
Bdf1 is not only part of the SWR-C complex, but it is also part of TFIID and thus connects the general transcription machinery with nucleosome assembly at +1. Bdf1 also binds directly to acetylated histone tails (Altaf et al., 2010) . The Bdf1 ChIP-exo pattern placed Bdf1 asymmetrically on the +1 nucleosome, where peak crosslinking was detected close to the NFR-nucleosome border ( Figures 1A and 1B) . This is precisely where the transcription machinery initiates transcription. It remains to be determined whether there are acetylation marks placed asymmetrically on one side of the +1 nucleosome that account for the observed asymmetric Bdf1 binding.
Rvb1 and Rvb2 are highly homologous ATP-dependent helicase subunits that form a heterohexameric ring (Gribun et al., 2008) and are part of both the SWR-C and INO80 complexes (Shen et al., 2000) . Remarkably, these two proteins crosslinked across much of the +1 nucleosome except at the DNA entry/ exit points ( Figures 1A and 1B) . These helicases act directly on DNA and therefore are likely to be directly crosslinking. In contrast, Arp4 displayed a pattern that was indistinguishable from Rvb2, which may reflect indirect crosslinking through Rvb2, although there is currently no independent evidence for Arp4-Rvb1/2 interactions. In contrast to the other subunits examined thus far, Swc7 crosslinking was enriched on the NFR-distal half of the +1 nucleosome, although it possessed some of the distribution characteristics of Swc4 and Swc5.
Surprisingly, Swc4 and Swc5 were present in ''lock step'' across all genic nucleosomes rather than being restricted to +1 as seen for other subunits ( Figure 1A ), indicating that they likely exist as a complex separable from the main SWR-C complex. Swc4 is also part of the NuA4 histone acetyltransferase complex (Eisen et al., 2001; Mizuguchi et al., 2004) , which has been detected across gene bodies (Ginsburg et al., 2009) , and thus Swc4 potentially reflects NuA4. However, Arp4, which is also part of NuA4 (Galarneau et al., 2000) , did not show a similar pattern ( Figures 1A and 2A ). In addition, Swc5 has not been shown to be part of any complex other than SWR-C. Thus, Swc4/5 may represent a novel complex apart from SWR-C and NuA4 but nonetheless may integrate with them. R e b 1 R R R R R R e R R R e R R R R R R R R R e R e R e R R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R R R R R R R R R R R 0 -150 150 (Suto et al., 2000) . B1 and B2 denote sites of Swr1 maximal crosslinking. The red space-filled nucleotide denotes sites of H2A.Z maximal crosslinking. See also Figure S1 and Table S1 . R e b 1 R R R R R R R R R R R e R R e R R R R R R R R R R e R e R e R R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R e R R R R R R R R R R R 
Subnucleosomal Genome-wide Organization of the INO80 Complex
Like SWR-C, subunits of the INO80 complex were concentrated at the +1 nucleosome of >90% of all genes and displayed subunit-specific patterning (Figures 2A and 2B ). Ies5 and Nhp10 mirrored the distribution of Reb1 within the NFR (Figure 2A ), suggesting that they might be crosslinking through Reb1. However, Nhp10 is a sequence-specific DNA-binding protein that has a cognate motif (RCCGGGGA) situated at about the same location as Reb1 (Badis et al., 2008) . Nhp10 may be a primary sequencespecific point of contact in establishing INO80 at the +1 nucleosome. This circuitry in INO80 recruitment is further supported by biochemical and genetic data showing that Nhp10 recruits INO80 to targeted histones (Morrison et al., 2004) . In our strain background, deletion of these subunits causes lethality (data not shown), which further supports their central role in INO80 function. Arp8 crosslinked in the NFR (Figure 2A -C), next to Nhp10/Ies5, suggesting that Arp8 engages this complex. As was observed for Swc2 in SWR-C, the NFR distance covered by these proteins is about 70 bp which may be optimal for remodeling by INO80. Arp8 therefore might be part of a bridge between Ies5/Nhp10 and INO80 subunits on the +1 nucleosome. The ''spreading'' of Arp8 crosslinking into the area where the +1 nucleosome resides suggests some physical connectivity with the +1 nucleosome, which is in line with evidence that Arp8 recognizes nucleosomal histones H3/H4 (Gerhold et al., 2012; Shen et al., 2003) .
Taf14, which is part of the INO80, TFIID and NuA3 complexes, was concentrated primarily at the NFR/nucleosome border . Why Taf14 functions in all three complexes is currently unclear, but its placement at the critical TSS/nucleosome juncture would position it to influence both initiation and nucleosome organization. This is approximately the position that Bdf1 crosslinked. Thus, the TSS/nucleosome border appears to be not only an important juncture between transcription and chromatin, but is also where factors reside that interface with different transcription/nucleosome regulatory complexes.
Ino80, the catalytic subunit of INO80, crosslinked across much of the +1 nucleosome (Figure 2A-C) , which suggests a broader interaction with the nucleosome compared to its counterpart (Swr1) in SWR-C. Most other subunits (Rvb1, 2, Arp4, 5, Ies1, 2, 3, 4, 6) crosslinked across the body of the +1 nucleosome like Ino80 (although Ies6 was more focused toward the dyad) (Figure 2A-C) . With the possible exception of Ies6, this common pattern likely reflects crosslinking through a common protein.
Biochemical evidence further supports these proteins being present in a common subcomplex (Chen et al., 2011; Szerlong et al., 2008) . These proteins did not appreciably crosslink near the nucleosome entry/exit points, which is consistent with our detection of other subunits there.
Swc2 Positions SWR-C on +1 Nucleosomes for H2A.Z Deposition Mechanistic studies on the role of Swc2 in H2A.Z deposition have largely involved in vitro systems that do not include the physiological organization of nucleosomal arrays at the 5 0 ends of genes. It therefore remains unclear how H2A.Z is selectively deposited at +1 nucleosomes and how SWR-C is able to place H2A.Z at two sites within a nucleosome, given a Swc2-accessible NFR on only one side. The literature supports three models on H2A.Z selectivity for +1: (1) SWR-C is selectively recruited to the 5 0 ends of genes where it deposits H2A.Z at +1 (Kobor et al., 2004; Krogan et al., 2003; Luk et al., 2010) . Alternatively, incorporation may be nonspecific, and either (2) INO80 (Papamichos-Chronakis et al., 2011) or (3) a Swc2-inhibited form of SWR-C (Watanabe et al., 2013) removes H2A.Z at all locations except at +1. Our genome-wide data presented thus far favor a model in which SWR-C is selectively recruited to the +1 nucleosome. To further test this model on a genomic scale, we conducted ChIP-exo mapping of Swr1 in an swc2D strain. Consistent with the role of Swc2 in SWR-C recruitment, there was a substantial reduction in Swr1 occupancy at all +1 nucleosomes ( Figure 3A ). Surprisingly, a residual level of Swr1 remained at essentially all +1 nucleosomes and was uncorrelated with Swr1 occupancy in a wild-type strain ( Figure 3B ). In addition, it crosslinked broadly over the +1 nucleosome in a manner that was distinctly different than when Swc2 was present. Thus, Swc2 recruits and positions SWR-C on the +1 nucleosome. In its absence, a low basal level of Swr1 finds its way to +1 but is improperly positioned.
As expected, in the swc2D strain, there was a substantial loss of H2A.Z levels at the +1 nucleosome ( Figure 3C ). However, there was a relative increase in H2A.Z across gene bodies, which might be due to untargeted SWR-C activity. Thus, SWR-C likely has an intrinsic capability to insert H2A.Z at almost any nucleosome position but is restricted to those adjacent to NFRs that can accommodate Swc2 binding.
Arp5 Is Required for H2A.Z Removal
We next examined INO80 function by mapping H2A.Z occupancy in an arp5D strain, as Arp5 is required for INO80 ATPase activity, DNA binding, and nucleosome mobilization (Shen et al., 2003) . In the absence of Arp5, there was an $20-fold increase in H2A.Z deposition, with high specificity toward +1 nucleosomes ( Figure 3C ). This observation supports the view that INO80 plays a surveillance role in removing H2A.Z not only from nonspecific locations (Papamichos-Chronakis et al., 2011) , but also at +1 nucleosomes, where it resides at nearly every gene. In agreement with prior evidence (Luk et al., 2010) , the magnitude of the H2A.Z increase in the arp5D strain implies that most +1 nucleosomes infrequently contain H2A.Z, given that a maximum of two H2A.Z molecules can be present in a given nucleosome.
Semi-Independent Subcomplexes of SWR-C and INO80
The biochemical evidence for some subunits of SWR-C and IN080 existing in a variety of complexes (Galarneau et al., 2000; Huen et al., 2010; Jha and Dutta, 2009 ) raises the question as to whether subcomplexes exist and bind to chromatin. We examined all pair-wise co-occupancy correlations at +1 nucleosomes for subunits of these complexes (Figure 4 ). Because these proteins are highly enriched near all +1 nucleosomes and because they biochemically copurify, we assume that their co-occupancy is reflecting functional subcomplexes. Our data point to three major co-occupancy trends, which we refer to as SWC (containing Swc2, 4, 5, 7, and Rvb1), IES (containing Ies1, 2, 3, 4, Arp4, and Rvb2), and INO80/SWR-C (containing Bdf1, Taf14, Arp5, 8, Ies 5, 6, Nhp10, Ino80, and Swr1).
There were several surprises from this clustering. First, Rvb1 and Rvb2, which are shared between the SWR-C and INO80 complexes and are thought to form heteromeric hexamer helicases (Gribun et al., 2008; Matias et al., 2006; Puri et al., 2007; Torreira et al., 2008) , resided in distinct clusters. One interpretation is that, on chromatin in vivo, they might form separable SWC-specific and IES-specific helicases. An alternative possibility is a single Rvb complex in which Rvb1 and Rvb2 crosslink differently to DNA depending on its association with SWC versus IES components.
Second, Swr1 and Ino80 occupancy were moderately correlated. This might reflect a ''futile cycle'' of dynamically depositing and evicting H2A.Z at the +1 nucleosome, which is known to be dynamic and to have subsaturating levels of H2A.Z. Third, Swr1 occupancy did not correlate strongly with Swc2 despite our observation that Swc2 is required for Swr1 targeting. The expected tracking of Swr1 with Bdf1, which is required for H2A.Z deposition, affirms that this was not an anomaly. We therefore suspect that Swc2 may recruit Swr1 but then departs. This may be why Swc2 has a much broader occupancy range than other SWR-C components. In contrast to Swr1, Ino80 and Arp5 were well correlated with each other and with Nhp10 and Ies5, which are thought to be responsible for targeting INO80 to selective regions of the genome. Occupancy levels (tag counts) of Swr1 located within peak pairs were normalized such that tag counts/bp were equal in background regions (all regions >200 bp from a peak pair). Tags were binned (5 bp) and smoothed (3 bin moving average). The top panels are for all 4,263 mRNA genes (rows), and the bottom panel is a composite average of all genes. Gray-filled trace represents the distribution of nucleosome dyads.
(B) Lack of occupancy correlation between Swr1 in wild-type and swc2D strains. Occupancy level of Swr1 biological replicates was detected as total tag counts per fixed region around $4,000 +1 dyad locations from À150 to +150 bp. Data for this plot were normalized to total tag counts.
(C) Tag distribution for H2A.Z in wild-type (black), swc2D (red), and arp5D (blue) strains. Tags were normalized and displayed as in (A). Note that the scale in the bottom panel is 10-fold higher than the one above.
INO80 Promotes Full Nucleosome Turnover
The +1 nucleosome is dynamic (high turnover rate) relative to all other nucleosomes across the genome (Dion et al., 2007) . This high turnover might be due, in part, to the cycling of H2A/H2B and H2A.Z/H2B dimers, which could expose H3/ H4 for turnover. Although it has been established that the INO80 complex removes H2A.Z from nucleosomes, it remains unclear whether this action results in enhanced H3/H4 exchange. We therefore examined histone H3 turnover at +1 nucleosomes in an arp5D strain by employing a constitutive myc-tagged H3 strain carrying an inducible FLAG-tagged H3 (Dion et al., 2007; Schermer et al., 2005) . Because FLAG-H3 induction is slower in strains lacking a functional INO80 complex ( Figure 5A ), it was necessary to internally control the experiment by comparing the ratio of induced FLAG-H3 incorporation at +1 to regions of the genome that are expected to be less targeted by INO80 (i.e., genic nucleosomes other than +1).
In a wild-type strain, substantially more new FLAG-H3 was deposited at the +1 nucleosome, where INO80 binds, compared to nucleosomes in the rest of the gene body ( Figure 5B ). However, in an arp5D strain, new H3 incorporation at +1 was no different compared to those in gene bodies. This suggests that INO80 plays a role in full nucleosome turnover rather than being restricted to only H2A.Z/H2B. However, actual turnover of H3/H4 may be carried out by other proteins.
In contrast to INO80-enriched nucleosomes, nucleosomes enriched with SWR-C had comparatively low turnover ( Figure 5C ). This observation fits well with the notion that SWR-C at the +1 nucleosome is locked into a configuration that promotes H2A.Z incorporation while blocking its removal (Watanabe et al., 2013) . Thus, SWR-C and INO80 might compete for occupancy at +1 nucleosomes (as suggested by the correlations shown in Figure 4 ) and, in doing so, might impart differential stability to it.
DISCUSSION
Promoter NFRs Mark +1 Nucleosomes for H2A/H2A.Z Cycling A major unanswered question in chromatin biology is how histone variants, modifications, and their binding proteins are selectively targeted to specific nucleosomes. For example, out of $60,000 nucleosome positions genome wide in yeast, H2A.Z is selectively deposited at the 5,000 nucleosomes that reside at the start of genes (one per gene). One clue as to the mechanism of selective targeting is that the +1 nucleosome resides next to a large NFR, the presence of which is important for H2A.Z deposition (Raisner et al., 2005) . A second clue is that certain sequence-specific DNA-binding proteins, such as Reb1, bind selectively to nearly all of these NFRs, almost exactly 70 bp upstream of the +1 nucleosome edge (Rhee and Pugh, 2011; Yen et al., 2012) . More importantly, Reb1 and Abf1 have been demonstrated to organize nucleosomes in vivo (Badis et al., 2008; Ganapathi et al., 2011; Hartley and Madhani, 2009; Raisner et al., 2005) , including specific and proper placement of H2A.Z, but how they do so has not been established.
How large ATP-dependent chromatin-remodeling complexes like SWR-C and INO80 recognize and bind to a nucleosome and cycle in H2A.Z and H2A is now being worked out biochemically and structurally using purified proteins. However, the chromatin environment in vivo offers a more complex scenario, having, for example, the constraints of closely spaced nucleosomes with limited flanking DNA except for an NFR next to the +1 nucleosome. This begs the question of how biochemically defined remodeling processes are played out in vivo.
We tackled this problem, in part, by using the high-resolution ChIP-exo assay. We conclude that both SWR-C and INO80 are targeted selectively to the +1 nucleosome of essentially all genes via subunits (Swc2 for SWR-C and speculatively Nhp10/Ies5/ Arp8 for INO80) that recognize $70 bp of adjacent nucleosome-free DNA. In addition, at least in the case of Swc2 with SWR-C, this binding properly orientates these complexes on the nucleosome surface to enhance the histone exchange reaction (Figure 6 ). This model is entirely consistent with biochemical observations that $70 bp is optimal for activity (Udugama et al., 2011) . Rather than these complexes sensing the entirety of an NFR, $70 bp regions might be created within NFRs by sequence-specific binding of factors such as Reb1 and Nhp10/Ies5.
One enigmatic property of H2A.Z is its placement near the start of genes, replication origins, and sites of DNA damage and stalled replication forks (Albert et al., 2007; Conaway and Conaway, 2009; Morrison et al., 2004; Morrison and Shen, 2009 ). The one common feature of these positions is the presence of adjacent nucleosome-free DNA of a suitable length. Conceivably, such NFRs-whether permanent or transientmay offer a common means for locating and ''capping'' arrays with H2A.Z. There, H2A.Z might provide a gateway to rapid invasion by polymerases and repair enzymes.
Genome-wide Subnucleosomal Integration of SWR-C and INO80 around +1 Nucleosomes
Our studies suggest that SWR-C and INO80 engulf +1 nucleosomes in their entirety, with different subunits occupying specific positions (crosslinks) along the nucleosome in a manner that is similar for most, if not all, +1 nucleosomes ( Figure 6 ). Based on several of our observations, these complexes might arrive at +1 nucleosomes in a partially assembled state. First, we find that some subunits (SWC group for SWR-C, and IES group for INO80) have strong co-occupancy correlations, whereas other subunits have weaker correlations. Second, subunits such as Swc4 and Swc5 occupy nucleosome positions in the body of genes in addition to +1, which is distinctly different from other SWR-C subunits. Third, Reb1 and Swc2 have correlated cooccupancy levels that span a wide range over different promoters, whereas other subunits appear to more uniformly occupy +1 nucleosomes, indicating some degree of independence of certain subunits.
Our observed correlated co-occupancy between Swr1 and Ino80 might at first seem counterintuitive, as these two proteins and/or their complexes would be expected to compete for the same nucleosome. However, their presence may be relatively transient, such that both complexes may be largely absent from +1 nucleosomes on an absolute timescale (but quite abundant relative to other nucleosome positions). Conditions that favor a transient recruitment of say SWR-C may result in conditions that favor recruitment of INO80, although temporally distinct. For example, more occupancy of Reb1 might promote more occupancy of SWR-C and H2A.Z, which as a substrate for INO80 would promote higher INO80 occupancy. Because saturation of a nucleosome with two molecules of H2A.Z essentially inhibits the SWR-C ATPase (Luk et al., 2010) , this might promote SWR-C turnover. The fact that SWR-C and INO80 share subunits supports the notion of a shared platform for assembling both of these complexes. Our data support the prior assertion that +1 nucleosomes tend to have less H2A.Z than H2A (Luk et al., 2010) , indicating that SWR-C and INO80 engage in a ''futile cycle'' to maintain an intermediate level of H2A.Z at +1 nucleosomes. If one function of H2A.Z is to accelerate the kinetics of gene induction (Halley et al., 2010; Meneghini et al., 2003) , then the variable presence of H2A.Z at a promoter in a cell population may contribute to the observed stochasticity of basal gene expression across cells in a population.
Is SWR-C a Barrier and INO80 a Gateway to Nucleosome Turnover? Our studies provide a link between the ''futile cycle'' of reciprocal H2A.Z/H2A exchange catalyzed by SWR-C and INO80 and full nucleosome dynamics. In the absence of INO80 (arp5D strain), H2A.Z is retained in chromatin, and turnover of histone H3 at +1, which is normally rapid, is diminished. Thus, INO80 promotes full nucleosome turnover at +1, possibly by increasing the concentration of partially disassembled nucleosomes, which may offer a better substrate for remodelers and histone chaperones that remove H3/H4. In contrast to turnover promoted by INO80, the presence of Swc2 in SWR-C appears to lock in H2A.Z at the +1 nucleosomes (Watanabe et al., 2013) . Consistent with this, our analysis indicates that +1 nucleosomes having the highest level of H2A.Z (deacetylated) or Swr1 are among the least dynamic of all +1 nucleosomes. This would seem to contradict the notion that H2A.Z promotes nucleosome instability and accelerates gene activation. This apparent paradox may be reconciled by invoking a dissociation of SWR-C during formation of the preinitiation complex (as they occupy the same physical space). This would then leave behind an unstable H2A.Z-containing +1 nucleosome that, if acetylated, would become more unstable and perhaps readily displaced by an initiating RNA polymerase.
How Does Asymmetric Localization of SWR-C/INO80
Lead to Symmetric Placement of H2A.Z? Our data indicate that an asymmetric environment, (NFR)-(+1)-(linker), places the SWR-C and INO80 remodelers asymmetrically on the +1 nucleosome (i.e., lacking dyad-symmetric crosslinks). However, this leads to symmetric deposition of two molecules of H2A.Z into the +1 nucleosome. The asymmetric localization of SWR-C on the NFR-proximal side of the +1 nucleosome may simply reflect where SWR-C resides during the ratelimiting step of H2A/H2A.Z exchange for both the NFR-proximal and -distal deposition of H2A.Z. One caveat of the methods used to detect subunit occupancy is that crosslinking will be stronger, in general, where a protein occupies the DNA longer. Thus, if SWR-C were to be placed on one side of the nucleosome and were to deposit H2A.Z there and then move to the other side and deposit a second molecule of H2A.Z, then the lack of NFR-distal crosslinking of Swr1 would suggest that Swr1 acts most transiently there.
This idea is consistent with the Luk et al. (2010) model of efficient conversion of a heterotypic ''AZ'' nucleosome to a ''ZZ'' homotypic nucleosome. Conceivably, such a hypothetical transient location at an NFR-distal site might promote deposition of the first H2A.Z. Deposition of the second H2A.Z might then lead to a dead-end product according to Luk et al., whereby SWR-C dwells longer and is thus more susceptible to crosslinking. How Swr1 moves from one site of deposition to the other is unclear, but one speculative idea is that either the nucleosome or a part of SWR-C flips its orientation relative to the other. Another speculative model is that H2A/H2A.Z exchange might occur in the context of a partially dismantled nucleosome, which would transiently produce longer linkers on either side of the +1 nucleosome, thereby providing a binding site for Swc2. In this second mechanism, distally versus proximally biased eviction of H2A.Z by INO80 could produce biased H2A.Z enrichment at +1 nucleosome. As such, asymmetric binding of INO80 to the NFR-(+1)-(linker) region might preferentially evict the NFR-proximal H2A.Z, giving rise to H2A.Z enrichment on the distal side, as is observed for a substantial portion of +1 nucleosomes.
With chromatin-remodeling complexes engaging the same NFR-nucleosome interface as the transcription initiation machinery, it is clear that these regions are crossroads for transcription and chromatin remodeling. Yet, if both machineries transiently occupy such regions, then promoters need not be a busy place. Moreover, sequence-specific recruitment of chromatin remodelers to promoters whereby they position, disrupt, or alter the composition of +1 nucleosomes may not be so different, even in detail, from mechanisms whereby sequencespecific factors recruit the transcription machinery to promoters, where they initiate transcription at the +1 nucleosome.
EXPERIMENTAL PROCEDURES
ChIP-exo Assay Saccharomyces strains (wild-type or harboring deletion mutants) bearing TAP-tagged INO80/SWR-C subunits or H2A.Z (listed in Table S1 ) were grown to exponential phase in yeast extract peptone (YP) + 2% dextrose (25 C to OD 600 nm = 0.8) and were then subjected to 1% formaldehyde crosslinking for 15 min at 25 C. After being quenched with 125 mM final concentration of glycine for 5 min, cells were harvested and washed. Sonicated chromatin was prepared by standard methods. Standard ChIP methods were used, followed by lambda exonuclease treatment and library construction (Rhee and Pugh, 2011) . Libraries were sequenced on an Illumina 2500 sequencer.
Histone Exchange
We started with the USY6 strain bearing HHF2 and Myc-HHT2 driven by the pHHT2 promoter and an integrated copy of HHF1 and Flag-HHT1 driven by the GAL1-10 promoter (Schermer et al., 2005) . ARP5 was deleted using the Kanamycin marker to create strain KUY007. To generate KUY007, strain USY6 was transformed with an arp5::kan PCR fragment. Genomic DNA of an arp5 deletion strain (BY4742 arp5::kan, EUROSCARF) was used as template for PCR (arp5D forward primer: 5 0 -CGTACATATCTTTCCGATCC-3 0 ;
arp5D reverse: 5 0 -CTGCTAGAAAGGAAGCTTTGG-3 0 ).
For time courses of induction in unsynchronized yeast, 1-l batches of USY6 and KUY007 cells were grown in YP + 2% glucose medium to an A 600 OD of 0.8-1 in 2 l flasks shaking at 200 rpm in a 25 C incubator. Cells were collected by centrifugation and were resuspended in YP + 2% galactose. At varying times (30, 60, 90, 120, 240, 360 , and 480 min) after galactose induction, 100 ml of cells were removed to another flask and were crosslinked with 1% final concentration of formaldehyde for 15 min at 25 C, shaking at 200 rpm.
2.5 M glycine was added to a final concentration of 125 mM to quench the formaldehyde. Cells were centrifuged at 10,000 rpm for 2 min at 4 C, washed once with 500 ul of ST buffer, and stored at À80 C before use.
Mononucleosomes were prepared as described previously (Albert et al., 2007) . In brief, cells were crosslinked, harvested, and lysed, and the crude chromatin was solubilized using a concentration of MNase that produced 80% mononucleosomes. 100 ml of cell culture from each time point was split into two: the mononucleosomes of 50 ml culture were immunoprecipitated using 7.5 ul of anti-Myc antibody (Sigma 9E10 monoclonal) for constitutive H3, and the second 50 ml culture used 10 ul anti-Flag (Sigma M2 monoclonal) for induced H3. The eluted DNA samples were ligated with sequencing adapters followed by LM-PCR. Amplified mononucleosomal DNA was gel purified and subjected to massively parallel DNA sequencing on Illumina HiSeq.
Data Analysis
The Saccharomyces reference genome was obtained from http://www. yeastgenome.org (build: January 19, 2007) . The entire length of the sequenced tags was aligned to the reference genome using BWA (Li and Durbin, 2009) , which allows up to six mismatches. The resulting sequence read distribution was used to identify peaks using the peak-calling algorithm in GeneTrack (Albert et al., 2007 (Albert et al., , 2008 (parameters: sigma = 5, exclusion zone = 20). For ChIP-exo method, the peaks on the forward (W) and reverse (C) strands were determined separately and then paired if they were 3 0 to each other and <100 bp apart. In Figure 5B , nucleosome locations were determined according to Albert et al. (2007) . In all analyses in which occupancy levels were determined, data were normalized such that the total tag count inside of background regions (defined as any region that lacks a peak pair within 100 bp in the ChIP-exo assay, and ± 80 bp for nucleosomes in the histone turnover experiment) were the The model raises the question of how, given the asymmetry of NFR-bound SWR-C/INO80 and nucleosomal arrays, H2A.Z is deposited on the NFR-distal and NFR-proximal side of the +1 nucleosome. One speculative possibility inspired by Luk et al. (2010) would invoke H2A.Z deposition/removal at one site and then reorientating the complexes to achieve the same on the other side.
same. Constitutive myc-H3 data sets were then further normalized so that total tag counts in each time point data set were the same, with the assumption that nucleosome density is maintained to be the same throughout time course in both wild-type and null deletion mutant. For induced FLAG-H3 time course data sets, occupancy was proportionally scaled such that the ratio of total tag counts in induced H3 versus canonical H3 was the same as that measured by H3 immunoblot for equivalent numbers of cells ( Figure 5A ) (Zhang et al., 2011) .
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